I. INTRODUCTION
The question of which factors above and beyond audibility are related to performance on complex speech recognition tasks has been investigated for many years. Recently, two factors have received particular attention: cognitive function and sensitivity to temporal fine structure (TFS). Aspects of cognitive function that may be related to speech perception include attention to, processing, and storage of sensory information (Reisberg, 2007) . TFS refers to the rapid amplitude oscillations in the waveforms at the outputs of the auditory filters (Moore, 2008) . It may be important for the perceptual segregation of multiple sound sources (Lunner et al., 2012) .
Representation of interaural differences in TFS requires good temporal coding fidelity, at least up to the level of the superior olive; the TFS information may be "recoded" at higher levels of the auditory system. Cognitive function may also depend partly on the speed and precision of timing of neural circuitry in the brain (Bartzokis, 2004) . It is well established that cognitive function declines with age (Craik and Salthouse, 2008) , and there are physiological (Ross et al., 2007; Wambacq et al., 2009 ) and psychoacoustic (Pichora-Fuller and Schneider, 1992; Hopkins and Moore, 2011; Neher et al., 2011; Moore et al., 2012) reports of poorer TFS processing in the aging auditory system. If both TFS sensitivity and cognitive function depend on the general accuracy of temporal coding in the brain, the two may depend on the same age-related mechanism. Such a connection would be consistent with a "common cause" hypothesis (Lindenberger and Baltes, 1994) , which researchers have used to study possible links between auditory temporal processing and cognitive slowing in older listeners (see Schneider and Pichora-Fuller, 2000 , for a review).
The present study had two aims: (1) to verify the finding of Neher et al. (2011) that binaural TFS sensitivity is related to the ability of (mostly older) hearing-impaired (HI) listeners to understand speech in spatially complex, multi-talker listening situations (spatial speech recognition, SSR) using a different measure of TFS sensitivity, 1 and (2) to establish whether the effects of TFS sensitivity and cognition on SSR were independent, or whether they could be explained by a common cause. We supplemented the SSR and cognitive data collected previously by Neher et al. (2009) on a group of HI listeners with new measurements of binaural TFS sensitivity. Following the approach taken by Neher et al. (2011) , we then carried out correlation and multipleregression analyses to examine potential links between SSR, TFS sensitivity, and cognitive abilities.
II. METHODS

A. Listeners
Seventeen of the 20 listeners tested by Neher et al. (2009) and then by their hearing loss averaged across the audiometric frequencies of 0.5, 1, 2, and 4 kHz (4FA). In addition to 4FA, each listener's average hearing loss across the audiometric frequencies of 0.125, 0.25, 0.5, and 0.75 kHz (4FA low ) was calculated. Information about each listener is given in Table I. During the SSR measurements, all listeners wore completely-in-the-canal Oticon Epoq hearing aids with 1.4-mm vents. To ensure acclimatization, the listeners had used their hearing aids for about 4 weeks prior to testing. The hearing aids were fitted to ensure audibility of the speech signals used for the SSR task for frequencies up to 6 kHz and to preserve interaural level cues (see Neher et al., 2009 , for details).
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B. Binaural TFS sensitivity
We used the "TFS low-frequency (TFS-LF) test" of Hopkins and Moore (2010) to measure interaural phase difference (IPD, Du) thresholds for pure tones. The test uses an adaptive two-alternative forced-choice procedure. Thresholds corresponding to 71%-correct performance were estimated by taking the geometric mean of the Du values at the last six (of eight) turnpoints for each run. A non-adaptive percent-correct procedure was invoked if the maximum Du of 180 was reached twice before the second turnpoint or at all after the second turnpoint. In this case, 40 further trials were presented to measure percent-correct performance for Du ¼ 180
. To allow comparison between scores from the two procedures, all thresholds were expressed in terms of the detectability index, d
0 that would be obtained for Du ¼ 180 , assuming that d 0 is proportional to Du (see Hopkins and Moore, 2010) . The test frequencies were 250, 500, and 750 Hz. Stimuli were presented via Sennheiser (Wennebostel, Germany) HDA200 headphones at a sensation level of 30 dB. Following one practice run, two test runs were completed for each frequency, and the geometric mean of the two was taken. 4 For statistical analyses, the geometric mean across all three frequencies (referred to as TFS-LF av ) was calculated.
C. Cognitive function
Cognitive function was assessed in the visual domain using the reading span test (Daneman and Carpenter, 1980) and the map search and visual elevator tests from the Test of Everyday Attention (Robertson et al., 1996) . The reading span test is a measure of working memory capacity. In our implementation, the task was to monitor three-word sentences, presented one word at a time, and to judge whether each sentence was semantically meaningful. Following a series of three, four, five, or six sentences, the participant was asked to recall all first or final words. The total number of correctly recalled words (out of 54) was used for data analyses. The map search and visual elevator tests were designed to assess selective and switching attention, respectively. The task in the map-search test was to find as many as possible restaurant symbols on a map of a metropolitan area within 2 min. The total number of symbols correctly identified (out of 80) was used for data analyses. The task in the visual elevator test was to count-aloud and as quickly as possible-a series of elevator symbols and to reverse counting direction in accordance with upward or downward pointing arrows ("directional switches"). The total time taken for all correctly counted elevator symbols divided by the total number of directional switches was used for data analyses.
D. SSR
SSR was assessed under anechoic conditions using a Danish multi-talker speech corpus (Behrens et al., 2008) based on the Dantale-II material (Wagener et al., 2003) . A female speech target was presented from directly in front of the listener, while two female speech maskers were presented simultaneously from 650 azimuth. The nominal free-field presentation level was 65 dB SPL for the three equal-level speech signals presented simultaneously. Using the method of constant stimuli, 60 target sentences were presented covering a range of target-to-masker ratios (TMRs). The scored responses were analyzed using the procedure described by Neher et al. (2011) to estimate the speech reception threshold (SRT), i.e., the TMR corresponding to 50%-correct speech recognition.
The SSR and cognitive test procedures are described in detail in Neher et al. (2009 Neher et al. ( , 2011 ).
E. Test protocol
The cognitive, SSR, and TFS-LF data were collected during different visits, each lasting a maximum of 2 h. The cognitive and SSR data were collected between May and October 2007, while the TFS-LF data were collected between June and July 2009.
F. Statistical analyses
To compensate for their skewed distributions, the age and map-search data were divided by their respective maximal values (giving a range up to 1) and then transformed into rationalized arcsine units (RAUs; Studebaker, 1985) . The visual elevator data point from Listener 14 was excluded from all analyses, as it was more than three times the interquartile range away from the upper quartile for that dataset. We verified that all datasets were suited for parametric statistical analyses using the Shapiro-Wilk W test. Furthermore, we estimated that we had a power of 80% to detect a two-tailed r of 0.62, given r 0 ¼ 0, a ¼ 0.05, and N ¼ 17. This means that we did not have sufficient power to detect weaker correlations.
III. RESULTS
A. Binaural TFS, cognitive, and SSR scores
The TFS-LF, cognitive, and SSR scores are presented in Table I . Consistent with the results of Moore (2010, 2011) , performance on the TFS-LF test was generally best at 250 Hz and worst at 750 Hz. A repeated-measures analysis of variance showed a significant effect of test frequency [F(2, 32) ¼ 27.8, p < 0.0001], and a Tukey HSD post hoc analysis showed all means to be significantly different from each other (p < 0.05). Data for the cognitive and SSR tests are broadly consistent with those of Neher et al. (2011) .
B. Correlations between measures
Prior to computing any correlations, the data from the visual elevator test were transformed so that for all cognitive measures a higher score corresponded to better performance. Correlations between age, TFS-LF av , and the three cognitive measures are shown in Table II . Consistent with previous findings (see Sec. I), there were significant correlations between age and TFS-LF av , age and reading-span scores, and age and map-search scores. TFS-LF av and map-search scores were also significantly correlated, while the correlation between TFS-LF av and reading-span scores was marginally significant (p ¼ 0.055). However, scores for the visual elevator test were not correlated with TFS-LF av , or with any other cognitive measure. TFS-LF av was not correlated with low-frequency hearing thresholds (4FA low ), consistent with previous results (Hopkins and Moore, 2011; Neher et al., 2011; Moore et al., 2012) . Table III shows product-moment correlation coefficients between the SSR scores (SRTs) and age and the psychoacoustic and cognitive measures. The SRTs were significantly correlated with age, TFS-LF av , reading span scores, map search scores, and visual elevator scores. To examine the degree to which these measures contributed independently to SSR, multiple regression analyses were carried out. We restricted the analyses to simple models based on two simultaneously entered predictors. We assessed the effect of age together with each of the other four measures. We also assessed the effect of TFS-LF av together with each of the three cognitive measures. All models accounted for a significant proportion of the variance in the SRTs (all R 2 > 0.43; TABLE II. Product-moment correlation coefficients between age, TFS-LF av , reading span, map search, and visual elevator scores. The correlation between TFS-LF av and 4FA low is also shown. Correlations marked by one, two, or three asterisks are significant at p < 0.05, 0.01, or 0.001, respectively. Correlations marked by † are significant following a Bonferroni correction for 11 tests. all p < 0.05). However, for the four models including age, either only age or neither predictor accounted for a significant proportion of the variance. The only model suggesting independent contributions of the two predictors was the one based on TFS-LF av (p ¼ 0.012) and the visual elevator test (p ¼ 0.077).
C. SSR prediction
IV. DISCUSSION
The analyses revealed significant correlations between SSR scores and both TFS scores and the cognitive measures. These results therefore support the idea that deficits in TFS processing and cognitive processing are associated with a reduced ability to understand speech in cocktail party-like situations. The correlations between SSR scores and TFS scores and between SSR scores and the measures of cognitive skills became non-significant when age was accounted for in the regression models, consistent with the hypothesis that performance on the various measures was (at least partly) influenced by a common, age-related mechanism. It has been suggested that cognitive decline occurs as a result of temporal processing deficits arising from the demyelination in the central nervous system that occurs with increasing age (Bartzokis, 2004) . Age-related myelin breakdown would also be expected to affect binaural TFS sensitivity, as this depends on accurate preservation of timing information at least up to the level of the superior olive. Thus, demyelination with increasing age could account for the decline in performance in both cognitive and TFS scores. Due to its correlational design, however, our study does not rule out alternative hypotheses, such as the "sensory deprivation" hypothesis (Lindenberger and Baltes, 1994) , based on the idea that cognitive decline is at least partly a consequence of impoverished sensory input. Further research is needed to clarify the potential connection between aging, TFS sensitivity, cognitive function, and SSR.
Despite the apparently strong influence of age, the analyses also indicated a partial independence of the visual elevator scores. In contrast to scores for the other cognitive tests, scores for this test were not significantly correlated with age or with TFS-LF av . Furthermore, there was a tendency for the visual elevator scores to predict SSR scores partly independently of TFS-LF av , consistent with the results of Neher et al. (2011) . It is currently unclear why this measure was different from the other cognitive measures.
